The nuclear hormone receptor peroxisome proliferatoractivated receptor (PPAR) g plays an important role in the differentiation of intestinal cells and other tissues. Realtime PCR examination of PPAR mRNA for g1, g2 and g3, in Caco-2 and HCT-116 colon cell lines showed that g3 is the most abundant message in both lines. Treatment of Caco-2 cells with sodium butyrate, which induces cell differentiation, also leads to an increase in all three PPAR mRNAs. In contrast, treatment of HCT-116 cells with sodium butyrate, which does not lead to differentiation of these cells, causes a decrease in the amount of all three PPAR mRNAs. Furthermore, the amount of PPAR mRNA is greater in Caco-2 cells than in HCT-116 cells at all times examined. As several oxidative metabolites of linoleic acid, including 13-hydroxyoctadecadienoic acid (13-HODE) and 13-oxooctadecadienoic acid (13-OXO) have been shown to bind PPAR, and there is a strong positive correlation between enzymes for metabolism of linoleate oxidation products, intestinal cell differentiation and the distribution of PPAR, we also performed a detailed investigation of the activation of PPAR g by 13-HODE and 13-OXO. For these experiments, Caco-2 and HCT-116 cells were transfected with constructs containing PPAR g1 or g2 then a PPREluc reporter construct. Exposure of transfected cells to micromolar concentrations of 13-HODE or 13-OXO produced concentration-dependent increases in luciferase activity. In addition, the two linoleate metabolites activate endogenous PPAR in these cell lines transfected with only PPRE-luc. The data substantiate the contention that oxidation products of linoleic acid are metabolically produced endogenous ligands for PPAR g and that PPAR g plays an important role in the differentiation of intestinal cells.
Introduction
Peroxisome proliferator-activated receptor g (PPAR) is a ligand-activated nuclear receptor that has been shown to be important for the differentiation of intestinal epithelial cells, adipocytes and other cell types (1±5). There are at least two isoforms of PPAR g protein in human colon cells and there are three or more different mRNAs that code for these two proteins (6±9). To date no functional difference between the two isoforms of PPAR has been identified and the significance of the different mRNAs also remains to be determined, although tissue-specific expression patterns have been observed.
In intestinal tissue, activation of PPAR generally induces differentiation, although in Min mice, which are predisposed to the development of intestinal neoplasia, activation of PPAR g leads to a slight increase in tumorigenesis (10±15). This apparent contradiction has been partly explained by the recent demonstration of a link between the functions of PPAR, betacatenin and APC. In particular, mutations in the APC gene destroy the ability of PPAR activation to decrease beta-catenin and inhibit colon tumorigenesis (16) . Thus, as a clarification of the role of PPAR in intestinal cell regulation begins to emerge, the identification of endogenous activators of this nuclear receptor take on greater importance.
There is some discussion in the literature concerning endogenous ligands for PPAR although it is known that certain fatty acids and their oxidation products are capable of binding and activating PPARs (4,5,17±20) . In particular, it has been shown that the oxidative metabolism of linoleic acid produces several bioactive metabolites that bind to PPAR (18) . Furthermore, in colon cells there is a strong positive correlation between the distribution of PPAR and the enzymes responsible for the metabolism of linoleic acid (1, 2, 21, 22) . These relationships have led some to suggest that the connection between high dietary fat and enhanced intestinal tumorigenesis is mediated in part through PPAR-dependent processes.
At least two PPAR ligands are produced during the oxidative metabolism of linoleic acid. The initial reactions in this pathway lead to the production of 13-hydroxyoctadecadienoic acid (13-HODE), which has been linked to cell proliferation (23, 24) . Secondary metabolism of 13-HODE by 13-HODE dehydrogenase yields the 2,4-dienone 13-oxooctadecadienoic acid (13-OXO), which is also a ligand for PPAR g (18) . Thus, the fact that the enzyme 13-HODE dehydrogenase and PPAR are expressed at higher levels in differentiated cells appears to be more than a coincidence.
In the present work we have examined the distribution of PPAR g1, g2 and g3 mRNA in colon cancer cell lines under conditions of induced and spontaneous differentiation. In addition, the ability of two metabolites of linoleic acid, 13-HODE and (13-OXO) to activate PPAR has been investigated. The results provide further evidence of the relationship between PPAR and intestinal cell differentiation, and support the suggestion that metabolically generated oxidative metabolites of linoleic acid function as endogenous ligands for PPAR. cells were maintained in DMEM with 20% FBS, 2 mM L-glutamine, 1 mM sodium pyruvate, 100 U/ml penicillin and 100 mg/ml streptomycin in a humidified atmosphere of 95% air, 5% CO 2 at 37 C. HCT-116 cells were maintained in DMEM with 10% FBS, 2 mM L-glutamine, 100 U/ml penicillin and 100 mg/ml streptomycin in a humidified atmosphere of 95% air, 5% CO 2 at 37 C. All cells were given fresh medium every other day and subcultured weekly. When described below, some cells were given media containing 4 mM sodium butyrate for various lengths of time.
Compounds
The linoleate metabolites 13-HODE and 13-OXO were prepared as described previously; the compounds were delivered as stock solutions in ethanol (25) . BRL 49653 was delivered as a stock solution in DMSO (26) . Control cultures received an equivalent volume of the appropriate vehicle.
Transfection and luciferase assay
The PPRE-TK-luc reporter was constructed by ligating the pre-ligated dimer of the annealed oligonucleotides AGCTTCTGAACTAGGGCAAAGTTGAG and TCGACTCAACTTTGCCCTAGTTCAGA into a Sal1 digested derivative of the pGL3-Basic reporter vector containing the thymidine kinase promoter (27, 28) . The binding site used has been shown to be preferentially bound by PPAR/RXR heterodimers but not by RXR homodimers (29) .
Transfections with the PPRE-luc reporter vector and the PPAR expression vector were accomplished with the use of the Lipofectamine PLUS reagent (Invitrogen, Carlsbad, CA) according to the manufacturer's protocol. Approximately 3.5 Â 10 4 cells were plated in each well of a 24-well plate in antibiotic-free medium and allowed to grow overnight to~70% confluence. For transfection, the medium was replaced with serum-free medium (200 ml) and each well was treated with 0.4 mg of each DNA for 5±6 h, then complete medium containing the respective ligand at the appropriate concentration was added and the cells were incubated for an additional 36 h prior to luciferase assays. Three wells were transfected for each condition or construct and all experiments were repeated at least twice. For treatment of Caco-2 cells with PPAR ligands, the serum content of the medium was reduced to 10%. As a positive control for transfection and PPAR activation, all experiments also included a series of wells treated with BRL 49653.
For luciferase activity assays the GenGlow kit from Thermo Labsystems (Helsinki, Finland) was used. Briefly, the medium was removed, cells were rinsed with phosphate-buffered saline and lysed by incubation for 30 min at 4 C in 40 mM Tris±acetate buffer, pH 8.0, containing 10 mM EDTA, 10% glycerol (v/v) and 1% Triton X. Cell extracts were clarified by brief centrifugation, then aliquots of 30±50 ml were transferred to non-transparent 96-well plates prior to addition of luciferin and ATP. Luminescence was determined using an automatic luminometer, Lucy 2 (Anthos Labtec Instruments, Salzburg, Austria). Protein concentration in the lysates was determined by the method of Bradford and the relative luminescence measured was expressed as luminescence/mg protein (30) . For comparison, the control cultures were set to a value of 1 and other cultures are expressed as fold increase in luminescence/mg protein over control. As a positive control for transfection efficiency, in each experiment, a set of wells was also treated with 5 mM BRL 49653. Triplicate wells were prepared for each condition and each experiment was repeated at least twice.
mRNA quantification and real-time PCR of PPAR For preparation of mRNA, cells were grown in T-25 flasks as described above. Cells were harvested and total RNA samples were purified using the RNeasy mini kit, (Qiagen, Valencia, CA). The isolated RNA was checked for integrity by agarose gel electrophoresis. Samples of 1 mg RNA were treated with DNase (Invitrogen, amplification grade) before reverse transcription into cDNA by Superscript II (Invitrogen) using degenerated oligo dT (a mix of TTTTTTTTTTTTTTTTTTT-A/G/C) according to the company's instructions.
Generally, cDNA from 50 ng RNA (0.5 ng for detection of 18S RNA) was applied for quantification of gene expression by Taqman Ò real-time RT±PCR (Applied Biosystems, Foster City, CA) using the direct comparative method for data analysis. Primer/probe sequences are given in Table I . The commercially available reaction mixture for 18S (Applied Biosystems) was used as a standard for normalization of mRNA levels in all experiments. The relative efficiency of all target and reference amplicons was assayed by dilution analysis and found to be equal.
Western blot analysis
For analysis of PPAR expression in control and transfected cells, nuclear extracts were prepared by differential centrifugation prior to SDS± polyacrylamide gel electrophoresis. The protein concentrations of the extracts were measured by the method of Bradford (30) . Equal amounts of extract (4 mg protein) were loaded in each lane and separated on a 10% SDS±polyacryl-amide gel. For blotting, the primary antibody against PPAR g1,2 (BIOMOL, Plymouth Meeting, PA) was used at a 1:2000 dilution and the secondary antibody was anti-rabbit IgG coupled to horseradish peroxidase (Amersham, Biosciences, Piscataway, NJ) at a 1:20 000 dilution. Spots were visualized by the Supersignal chemiluminescent substrate kit (Pierce Biotechnology Inc., Rockford, IL).
Alkaline phosphatase
The activity of alkaline phosphatase as a marker of differentiation was assayed by monitoring the hydrolysis of p-nitrophenyl phosphate spectrophotometrically at 405 nm and pH 10.4.
Results

RT±PCR examination of PPAR mRNA
To determine the isoforms of PPAR produced by Caco-2 and HCT-116 cells, total RNA was prepared and real-time quantitative PCR was used to profile expression levels of PPARs g1, g2 and g3. The three probes are directed to Exon A1 (g1), Exon B (g2) and Exon A2 (g1 and g3). The expression of PPAR mRNA was examined in control cultures and cultures that had been grown in 4 mM sodium butyrate for 3 days to induce differentiation (13) . As shown in Table II , the most abundant PPAR message in Caco-2 cells is g 3, which is~100-fold more abundant than either g2 or g1. Growth of Caco-2 cells in sodium butyrate induces the production of all three species of PPAR mRNA by 3-to 6-fold over the 3 days of the experiment.
The analysis of PPAR gene expression in HCT-116 cells is presented in Table III . As for the Caco-2 cells, the HCT-116 cells were grown in the presence of 4 mM sodium butyrate for 3 days. Sodium butyrate reversibly inhibits the growth of HCT-116 cells but they do not differentiate (31) . The relative abundance of PPAR messages in HCT-116 cells is similar to that in Caco-2 cells. In particular, the g3 isoform is most abundant, although the difference between this form and the other PPAR isoforms is less dramatic than in Caco-2 cells. However, the response of HCT-116 cells to butyrate is distinctly different than that of Caco-2 cells, in particular, growth Human PPAR g2 CAAACCCCTATTCCATGCTGTT ATCAGTGAAGGAATCGCTTTCTG TGGGTGAAACTCTGGGAGATTCTCCTATTGA a All probes are labeled with FAM as reporter and TAMRA as quencher. PPAR g1 was detected by a probe directed toward exon A1 of the PPAR g1 gene. PPAR g1 and g3 were detected by a probe directed toward exon A2, which is present in both the PPAR g1 and g3 genes. The difference between the A1 and A2 probes yields the amount of PPAR g3 present in a given sample. PPAR g2 was detected by a probe directed toward exon B, which occurs only in the PPAR g2 transcript. b This is minor groove binding probe.
of HCT-116 cells in sodium butyrate leads to a reduction in the level of all forms of PPAR message. As shown in Table IV , a comparison of the relative levels of each PPAR isoform in Caco-2 and HCT-116 cells at 3 days of culture shows that Caco-2 cells have between 3-and 239-fold (g1) higher levels of PPAR g mRNA than HCT-116 cells. With respect to the most abundant PPAR mRNA, g3, the differences between Caco-2 and HCT-116 cells are also significant. The differences observed are consistent with the relative degree of differentiation of the two cell lines.
Given that Caco-2 cells undergo either butyrate-induced or spontaneous differentiation, experiments were performed to monitor changes in PPAR message in these two situations as the mechanism of differentiation may differ between spontaneous and chemically induced processes. Caco-2 cells were grown for 26 days in control medium or in the presence of 4 mM sodium butyrate. Cultures were harvested weekly and the level of PPAR mRNA was determined by real-time PCR as described above. To assess the degree of differentiation, the well-characterized marker of Caco-2 differentiation, alkaline phosphatase, was measured on parallel cultures.
The cells grown in control medium quickly became superconfluent whereas the butyrate-treated cells did not increase in cell number but did produce a large amount of extracellularmatrix material. The analysis of PPAR mRNA levels and alkaline phosphatase activity is presented in Table V . The relative abundance of individual PPAR mRNA species is similar to the previous experiment (Table II) with PPAR g3 being most abundant. However, the difference between the amount of g3 and the other two isoforms is not as great. Long-term treatment with sodium butyrate increases the level of PPAR g2 and g3, although it is noteworthy that the increase is not dramatically different than that which occurs during spontaneous differentiation. The increased differentiation of the Caco-2 cells during long-term culture is also reflected in the level of alkaline phosphatase activity, although in contrast to PPAR levels, growth in 4 mM butyrate has dramatic effects on the level of enzyme activity when compared with the control cultures.
Activation of PPAR by oxidized linoleate
Since PPAR g mRNA is strongly linked to the differentiation of colon tumor cell lines, a series of experiments was performed to examine the ability of the linoleate oxidation products, 13-HODE and 13-OXO, to activate PPAR. For these experiments, HCT 116 cells were transfected with a PPRE-luc reporter vector and either PPAR g1 or PPAR g2 expression vectors. After a 6 h transfection, the cells were given media containing various concentrations of 13-HODE or 13-OXO and luminescence was measured 36 h later. The results are presented in Figure 1 . Both 13-HODE and 13-OXO produce concentration-dependent increases in luciferase activity. The activation of PPAR by the linoleate oxidation products was as strong as that with BRL although the maximal activation occurred at higher concentrations. Similar results were obtained when Caco-2 cells were used for transfection although the fold increase in luciferase activity upon treatment with 13-HODE or 13-OXO was less than that observed in HCT-116 cells (Figure 1 ). On the other hand, in the doubly transfected Caco-2 cells, BRL was significantly more effective than the linoleate oxidation products. There does not appear to be a significant difference in the activation of PPAR g1 and g2 by 13-HODE and 13-OXO, although, in general, g1 was slightly more responsive than g2. Additional experiments were performed to determine whether 13-HODE and 13-OXO are capable of activating endogenous PPAR isoforms in Caco-2 and HCT-116 cells. For these experiments, cells were grown in the presence of 4 mM sodium butyrate to modulate the levels of PPAR. As shown above and elsewhere, Caco-2 cells grown in butyrate undergo differentiation and an increase in PPAR levels, whereas, HCT-116 cells are reversibly growth inhibited but do not undergo differentiation (13, 31) . Control cultures were grown in the same media without butyrate. After 4 days, cells were transfected with PPRE-luc reporter vector, treated with the indicated concentrations of 13-HODE or 13-OXO, and assayed for luciferase activity. The results for HCT-116 cells are presented in Figure 2 , while those for Caco-2 cells are presented in Figure 3 .
In HCT 116 cells, both butyrate treated and control cells demonstrate activation of PPRE-luc upon exposure to 13-HODE or 13-OXO. There are no clear differences between butyrate treated and control cells and both metabolites exhibited similar levels of activation. On the other hand, in Caco-2 cells the ability of 13-OXO to activate PPRE-luc reporter vector is reduced in butyrate treated cultures compared with controls; this effect was reproduced in subsequent experiments and may be related to the metabolic distribution of 13-OXO in butyrate treated Caco-2 cells or to higher levels of endogenous PPAR ligands including 13-OXO.
Western analysis of PPAR expression
To assess the expression of PPAR g in cells transfected with the PPAR constructs, HCT-116 cells were transfected, grown for 36 h and then nuclear extracts were prepared for western blot analysis. As shown in Figure 4 , there is detectable 
Discussion
There is a large body of evidence that PPAR g is important for the differentiation of intestinal epithelial cells (1,2,10±13,32) . In the present work we have shown that the levels of PPAR g1, g2 and g3 mRNAs increase during both butyrate-induced and spontaneous differentiation in Caco-2 colon tumor cells but not in undifferentiated HCT-116 cells. In addition, we have closely examined the activation of PPAR g1 and g2 by two endogenous, metabolically produced, metabolites of linoleic acid.
The distribution of PPAR mRNA in Caco-2 and HCT-116 cells is dominated by the g3 isoform. Furthermore, in Caco-2 cells this isoform is increased by treatment with the differentiation inducer sodium butyrate. Under basal conditions PPAR g3 mRNA is over 100-fold more abundant than the mRNAs for g1 and g2 while during butyrate-induced differentiation the g3 isoform can be 4600-fold increased over the other two. Therefore, as a practical matter, the g3 message is most likely responsible for production of the PPAR activated by 13-HODE and 13-OXO in these two cell lines. It is certainly possible that other fatty acids and PPAR ligands activate proteins translated from the g1 and g2 isoforms.
In addition to differences in PPAR isoform distributions in a given cell line under various growth conditions, there are differences between Caco-2 and HCT-116 cells that are also noteworthy. Caco-2 cells undergo differentiation in the presence of sodium butyrate whereas HCT-116 cells do not show this response (13, 31) . Accordingly, the relative amount of PPAR mRNA is much greater in Caco-2 than in HCT-116 cells, and the changes induced by sodium butyrate in the two cell lines are consistent with the role of this nuclear receptor in cell differentiation. Specifically, Caco-2 PPAR mRNA increases in response to butyrate whereas the levels of PPAR mRNA in HCT-116 cells actually decrease when the cells are grown in the presence of sodium butyrate. However, in all cases, the g3 form is by far the most abundant.
The fact that no significant functional differences have been detected between the two species of PPAR protein suggests that control over the regulation of transcription and translation is of major importance to PPAR-dependent cellular outcomes. The high levels of PPAR g3 message in the two cell lines studied herein is in support of this suggestion, as is the recent report showing an increase in PPAR a and g protein during Caco-2 cell differentiation (33) . Thus, gaining an understanding of the mechanisms controlling the g3 isoform of PPAR mRNA will yield significant insight into the regulation of cellular differentiation processes.
In addition to the control of the production of PPAR itself, the metabolic production of activators of the protein will obviously exert a major influence over cell differentiation. Among the most widely studied ligands for PPAR are`naturally occurring' but non-enzymatically produced lipid oxidation products including 15-deoxy-D 12Y14 -PGJ 2 and compounds associated with the oxidation of LDL (3, 17, 18, 34) . However, it seems unlikely that control of an important cellular process would be achieved through non-enzymatic production of activators. Thus, the search for endogenous, metabolically produced activators of PPAR is clearly important. To that end, we have examined the activation of PPAR by 13-HODE and 13-OXO, two enzymatically produced oxidation products of linoleic acid whose metabolic pathways are relatively well characterized (21,25,35±37) . Both the synthesis and excretion of 13-HODE and 13-OXO are under cellular control and 13-OXO is also one of the relatively few examples of an endogenous substrate for glutathione transferases (37, 38) . The activation of PPAR by 13-HODE and 13-OXO reported herein is consistent with earlier reports that the enzyme responsible for the production of 13-OXO from 13-HODE, 13-HODE dehydrogenase, is involved in intestinal cell differentiation and that the distribution of 13-HODE dehydrogenase and PPAR g are similar within intestinal villi and crypts (1, 21, 22) .
In both Caco-2 and HCT-116 cells, 13-HODE and 13-OXO activate PPAR at relatively low micromolar concentrations. These compounds activate PPAR transfected into the cells as well as the endogenous receptor. No dramatic difference between the two ligands was observed, although previous reports have suggested that 13-OXO is a stronger ligand for the ligand-binding domain of PPAR g (18) . The activation of PPAR by these fatty acid metabolites occurs at somewhat higher concentrations than those for the synthetic ligand BRL 49653; however, the multiple metabolic pathways open to the endogenous ligands could reduce the effective concentrations of exogenously applied compounds. On the other hand, compartmentation of metabolic generation in intact cells could increase delivery of the endogenous activators to the PPAR protein.
The results of the present experiments have provided insight into the role of PPAR g in cell differentiation. The most abundant species of PPAR mRNA in Caco-2 and HCT-116 cells was shown to be the g3 isoform and higher levels are found in more differentiated cells. In addition, we have shown that 13-HODE and 13-OXO, enzymatically generated metabolites of linoleic acid, can serve as endogenous activators of both PPAR g1 and g2. The data are consistent with the previously reported correlations between the oxidative metabolism of linoleic acid and cell differentiation and thus, add support to the growing recognition of the important cell regulatory role played by oxidative metabolites of linoleic acid. It remains to be seen if these relationships provide a link between the levels of dietary linoleic acid and the development of colon tumorigenesis.
